Meiotic crossovers shuffle parental genetic information, providing novel combinations 10 of alleles on which natural or artificial selection can act. However, crossover events 11 are relatively rare, typically one to three exchange points per chromosome pair. 12 Recent work has identified three pathways limiting meiotic crossovers in Arabidopsis 13 thaliana, that rely on the activity of FANCM 1 , RECQ4 2 and FIGL1 3 , respectively. 14 Here, we analyzed recombination in plants where one, two or three of these 15 pathways were disrupted, in both pure line and hybrid contexts. The highest effect 16 was observed when combining recq4 and figl1 mutations, which increased the hybrid 17 genetic map length from 389 to 3037 centiMorgans. This corresponds to an 18 unprecedented 7.8-fold increase in crossover frequency. Disrupting the three 19 pathways do not further increases recombination, suggesting that some upper limit 20 has been reached. The increase in crossovers is not uniform along chromosomes 21 and rises from centromere to telomere. Finally, while in wild type recombination is 22 much higher in male than in female meiosis (490 cM vs 290 cM), female 23 2 recombination is higher than male in recq4 figl1 (3200 cM vs 2720 cM), suggesting 24 that the factors that make wild-type female meiosis less recombinogenic than male 25 wild-type meiosis do not apply in the mutant context. The massive increase of 26 recombination observed in recq4 figl1 hybrids opens the possibility to manipulate 27 recombination to enhance plant breeding efficiency. 28 29 30 3 Crossovers (COs) are reciprocal exchanges between homologous chromosomes, 31 with two consequences: First, in combination with sister chromatid cohesion, COs 32 provide a physical link between homologs, which is required for balanced segregation 33 of chromosomes at meiosis. Failure in the formation of at least one crossover per 34 chromosome pair is associated with reduced fertility and aneuploidy 4 . Second, COs 35 lead to the exchange of flanking DNA, generating novel mosaics of the homologous 36 chromatids. This translates into genetic recombination, classically measured in 37 Morgans (or centiMorgans cM). The number of COs appears to be constrained by 38 both an upper and lower limit (Figure 1) 5 . As an illustration, figure 1 plots the genetic 39 size (cM) versus the physical size (DNA base pairs, log scale) of chromosomes in a 40 diverse panel of eukaryotes. Note the large variations in physical size, while the 41 genetic map length is much less variable: At the lower limit, chromosomes measure 42 50 cM, which corresponds to the requirement of at least one CO per chromosome 43 pair (0.5 per chromatid). Across all species, most chromosomes do not receive many 44 more than one CO per meiosis, 80% of them having less than three. High level of 45 COs per chromosome, observed in handful of species such as S. pombe, appears 46
all the other mutant genotypes show higher recombination than wild type with recq4 144 figl1 having the strongest effect (Figure 3 B-C) . In all mutants, the same tendency is 145 observed, with no effect on recombination for intervals encompassing or immediately 146 flanking the centromere and an increase of the recombination with distance from the 147 centromere to reach a maximum close to telomeres. In figl1 recq4, the recombination 148 frequency rises rapidly from the centromere to the first third of the arm, where it 149 reaches ~20 cM/Mb (~5-fold higher than wild type levels). This first third of the 150 chromosome arms correspond to the peri-centromeric region, with a progressive 151 decrease in methylation and increase in gene density with distance from centromere 152 ( Figure 3B -C, first row). In the remaining two third of the chromosomes, methylation 153 and gene density is relatively stable, but recombination continues to increase towards 154 the telomere, reaching an average of 45 cM/Mb (›10-fold higher than wild type 155 8 levels). Knocking down recq4 and figl1 therefore has very different effects in different 156 regions of the chromosome. We propose three non-exclusive possible causes for this 157 effect. First, the position along the chromosome itself could influence CO 158 frequencies, as recombination occurs in the context of highly organized and dynamic 159 chromosomes 18 . Second, the accessibility of the chromatin may directly account for 160 CO frequency, notably by influencing SPO11-dependant double strand break 161 formation 19 . The anti-correlation of cytosine methylation and recombination (Figure 162 3D) seen in recq4 figl1, supports this view. Third, DNA polymorphism, which 163 decreases from centromere to telomere ( Figure 3C ) may also prevent CO frequency. 164 We observed a strong anti-correlation between recombination and SNP density in 165 recq4 figl1, which does not exist in wild type ( Figure 3E ). As distance from 166 centromere, methylation and polymorphisms are correlated with each other, it is 167 difficult to decipher the relative importance of these three parameters for crops to see how the CO increase we see in the short peri-centromeres of 177 Arabidopsis translates to their large peri-centromeres.
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Next, we addressed whether the increase in recombination that we observed in F2s, 179 equally affects male and female meiosis, by backcrossing the F1 hybrids (wild type, 180 9 recq4 or recq4 figl1) by Col-0, either as male or as female and analyzing SNP 181 segregation in the progeny ( Figure 6 ). In wild type the male genetic map was ~70% 182 larger than in female (495±38 cM vs 295±28 cM, p<10 -4 ), the difference being 183 particularly marked in the vicinity of telomeres where male recombination is at its 184 highest and female at its lowest ( Figure 6B -C), in accordance with previous data 24 . In 185 sharp contrast, in recq4 and recq4 figl1 the female maps are larger than the male 186 maps (p<10 -4 ; Figure 6A ) and the CO distributions becomes similar in both sexes 187 ( Figure 6B -C). The total female map is increased from 295 ± 28 cM in wild type to 188 3176 ± 190 cM in recq4 figl1, a more than 10-fold increase. The most spectacular 189 increase being observed at the vicinity of telomeres where the recombination rate is class II COs 2,3,5 . Accordingly, the effects of CO interference, which limits the 193 occurrence of two adjacent class I COs, are observed genetically in wild type but not 194 in the mutants with increased recombination (Table S1 and Figure 6D ). It appears, 198 We showed that a large CO frequency is obtained when combining recq4 and figl1 199 mutations, resulting in a 7.8-fold increase in total map size, with limited effect on plant eukaryotes. One possibility is that a high level of COs is associated with segregation 206 problems at meiosis and thus fertility defects. Our data could support this possibility. 207 Alternatively, it is possible that selection for a low level of recombination limits COs in 208 eukaryotes, which could be optimal for adaptation in most contexts. An attractive idea 209 is that in a stable environment, high recombination levels would break favorable Methods:
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The mutations used in this study were: Col: fancm-1 1 , figl1-1 3 , recq4a-4 (N419423) 26 , recq4b-217 2 (N511130) 26 ; Ler : fancm-10 3 , figl1-12 3 , recq4a-W387 2 . The tetrad analysis line was I2ab 218 (FTL1506/FTL1524/FTL965/qrt1-2) 13 . Hybrid lines were obtained through the crossing of Col 219 plants bearing the fancm, recq4a, recq4b, figl1, qrt mutations and the FTL transgenes I2ab to 220
Ler plants bearing the fancm, recq4a, figl1and qrt mutations. F1 plants were grown in growth 221 chambers (16h/day 21°C, 8h/night 18°C, 65% humidity) and genotyped twice for each 222 mutation (Table S5 ). F1 sibling plants of the desired genotypes were used for tetrad analysis, (Table S4) , which are uniformly distributed on the physical map (~every 1,3Mb) 231 has been described in Girard et al 3 . Genotyping data were analyzed with the Fluidigm 232 software (http://www.fluidigm.com) with manual corrections. The raw genotyping data set is 233 shown in table S3. Recombination data were analysed with MapDisto 1.7.7.0.1.1 27 : 234
Genotyping errors were filtered using the iterative error removal function (iterations=6, start 235 threshold=0,001, Increase=0,001). Recombination (cM+/-SEM) was calculated using 236
Classical fraction estimate and the Haldane mapping function. The Haldane function has 237 been preferred to the Kosambi function because the Kosambi function incorporates 238 crossover interference, the effect of which is absent in the mutants analyzed in this study 239 ( Figure 6D and table S2, and would have thus likely underestimated the genetic distances. 240
The obtained recombination frequencies per interval and corresponding genomic data are 241 shown in Table S4 . Crossover interference patterns ( Figure 6D ) were analysed using 242 Cycle 14, 305-314 (2015) . Raw data can be found in table S1. Table S1 . References for data in Figure 1 .
397 Table S2 . Raw data of FTL tetrad analysis 398   Table S3 . Raw genotyping data 399   Table S4 . Genomic and recombination data 400 (D) CoC curves. Coefficient of Coincidence is the ratio of the frequency of observed double COs to the frequency of expected double COs (the product of the CO frequencies in each of the two in tervals). A CoC curve 31 plots this ratio for each pair of intervals, as a function of inter -interval distance. In the presence of CO interference, CoC is around 0 for small inter -intervals distances, increasing to 1 with fluctuation around that value for l arger inter-interval distances, as seen here for wild type. A flat line at 1, as observed for the mutants, suggests an absence of interference. 
